Changes in plasma membrane electrical potential evoke signals that regulate the expressions of various genes in the nervous system. However, the role of glycogen synthase kinase 3␤ (GSK-3␤) in this process has not been elucidated. Thus, this study was performed to examine whether membrane depolarization can regulate the phosphorylation of GSK-3␤ and to identify the molecular mechanisms involved in this regulation. The depolarization by treating with 100 mM KCl for 5 min resulted in the undulating phosphorylation of GSK-3␤ at Ser-9 in SH-SY5Y human neuroblastoma cells, in H19 -7/ IGF-IR rat embryonic hippocampal cells, and in PC12 rat pheochromocytoma cells, but not in A172 human glioblastoma cells. Cellular ␤-catenin contents showed a temporal pattern similar to that of the Ser-9
Glycogen synthase kinase 3 (GSK-3) 1 was originally identified as an enzyme that phosphorylates glycogen synthase, the rate-limiting enzyme in glycogen biosynthesis. Subsequent studies have shown that GSK-3 phosphorylates a broad range of substrates, including several transcription factors such as c-Myc, c-Jun, and ␤-catenin (1). Thus, GSK-3 has been implicated in many fundamental biological processes, which include cell fate determination, metabolism, transcriptional control, and oncogenesis (2) . GSK-3 also plays crucial roles in many major signaling processes that are involved in key brain functions and has been associated with several dysfunctions of the central nervous system. For example, the dysregulated activity of ␤-isoform of GSK-3 (GSK-3␤) has been implicated in certain psychiatric diseases like bipolar mood disorder and in neurodegenerative diseases such as Alzheimer disease. Moreover, several mood-stabilizing drugs such as lithium and valproate are known to inhibit GSK-3␤ activity, which supports the idea that GSK-3␤ activity modulation may have a therapeutic benefit in those with behavioral conditions in addition to its known benefits in the treatment of Alzheimer disease (3) .
GSK-3␤ is subject to multiple regulatory mechanisms so that it can phosphorylate diverse substrates that are involved in a myriad of cellular responses. The phosphorylation of GSK-3␤ is the most widely studied regulatory mechanism, but protein complex formation and intracellular localization also have important regulatory influences on GSK-3␤ activity (3) . The activity of GSK-3␤ can be reduced by the phosphorylation of Ser-9 (1), and several kinases have been found to be capable of mediating this modification, e.g. p70 S6 kinase, p90 Rsk (also called MAPKAP kinase-1), Akt (also called protein kinase B), certain isoforms of protein kinase C, and cyclic AMP-dependent protein kinase (protein kinase A). Moreover, much research has been directed toward identifying the receptor-coupled signaling systems used by each of these kinases to control GSK-3␤ activity (3) . However, in stark contrast to the many kinases known to be involved in the phosphorylation of GSK-3␤ at Ser-9, protein phosphatase 2A (PP2A) is the only known protein phosphatase that can directly dephosphorylate GSK-3␤ (4) .
Changes in the electrical potential of the plasma membrane are accompanied by synaptic transmission and axonal conduc-tion, and result in the rapid signaling of the nervous system by transiently inducing transmembrane ionic fluxes. These ionic fluxes also may have long term consequences as they can affect the expressions of various genes in excited cells over a period of hours or days. Moreover, these electrical activities in the nervous system influence more complex intercellular interactions, such as neural sprouting, long term potentiation and depression, and map refinement and rearrangement (5) . However, the mechanisms underlying such long term or adaptive changes are not clearly known. We hypothesized that membrane depolarization may regulate the phosphorylation and activation of GSK-3␤. We undertook this study to determine whether membrane depolarization can regulate GSK-3␤ phosphorylation and, if so, to elucidate the regulatory mechanism responsible. We found that KCl-induced depolarization induced the undulating phosphorylation of GSK-3␤ and that the protein phosphatases PP2A and PP2B, as well as phosphatidylinositol 3-kinase (PI3K) and Akt, are involved in the regulation of GSK-3␤ phosphorylation in SH-SY5Y human neuroblastoma cells.
EXPERIMENTAL PROCEDURES
Cell Culture and Treatments-SH-SY5Y human neuroblastoma cells and H19 -7/IGF-IR rat embryonal hippocampal cells were purchased from the American Type Culture Collection (ATCC, Manassas, VA), and PC12 rat pheochromocytoma cells and A172 human glioblastoma cells were from the Korean Cell Line Bank. SH-SY5Y cells, PC12 cells, and A173 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (JBI, Korea) and 100 units/ml penicillin/streptomycin, in a CO 2 incubator at 37°C. H19 -7/IGF-IR cells were grown in DMEM containing 10% fetal bovine serum, 100 units/ml penicillin/streptomycin, and 200 g/ml G418. Cells were washed and incubated in fresh DMEM overnight before depolarization. Membrane depolarization was induced by treating the cells with 100 mM KCl in complete medium for 5 min. This was followed by an immediate wash with fresh medium, and then fresh medium (containing drugs as indicated) was added. KCl and EDTA were purchased from Sigma, cyclosporin A, and MK801 from Tocris (UK). FK506, okadaic acid, wortmannin, LY294002, H89, PD98059, manumycin A, nifedifine, KN62, PP2, AG1478, calphostin C, and rapamycin were from Calbiochem.
Transient Transfection-The expression plasmids for activated Myctagged Akt (N-terminal myristoylation) and dominant negative (K179M) Myc-tagged Akt were purchased from Upstate Biotechnology, Inc. (6) . For the transient expression of Akt, SH-SY5Y cells were plated in 10-cm dishes 1 day prior to transfection, and the subconfluent (70 -80%) cells were transfected with 10 g of plasmid DNA using Lipofectamine (Invitrogen). Control cells were transfected with reagents containing pUSEamp(ϩ) vector DNA (Upstate Biotechnology, Inc.). Transfected cell media were replaced with fresh medium 6 h after transfection, and cells were harvested 24 h later for analysis.
Immunoblot Analysis-Cells were harvested after being rinsed twice with phosphate-buffered saline and were then lysed in suspension by incubation in a lysis buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM sodium orthovanadate, 10 mM sodium fluoride, 1 mM phenylmethylsulfonyl fluoride, and 0.5% Nonidet P-40) on ice for 30 min. The lysates so obtained were centrifuged at 16,000 ϫ g for 10 min at 4°C, and the protein concentrations of the supernatants were measured using the bicinchoninic acid method (Pierce). Lysate supernatants (10 g of protein) were boiled in Laemmli buffer, separated on a 12% SDS-polyacrylamide gel, and transferred to nitrocellulose paper. Blots were blocked with 5% nonfat milk in TTBS (20 mM Tris-Cl, pH 7.5, 500 mM NaCl, and 0.1% Tween 20) for 1 h and then incubated in a cold room overnight with respective antibodies. Antibodies against GSK3␤, PP2A, protein phosphatase 2B (PP2B), and actin were purchased from Santa Cruz Biotechnology; the antibody against ␤-catenin was from BD Biosciences; and antibodies against phosphorylated GSK-3␤ (Ser-9), phosphorylated GSK-3␤ (Tyr-216), phosphorylated Akt (Ser-473), phosphorylated EGFR (Tyr-1068), Akt, EGFR, and Myc were from Cell Signaling. Blots were incubated with horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit IgG antibody (1:2000 dilution, Pierce) for 2 h at room temperature. They were then washed with TTBS and incubated with an enhanced chemiluminescence substrate mix (Pierce). Blots were then exposed to x-ray film (AGFA Curix RPI) to obtain images. The density of visualized bands were quantified using an image analyzer (Bio-Rad, model GS-700), and relative band densities were expressed as percentages of corresponding control cell densities.
Immunoprecipitation-Cell lysates (800 g of protein) were incubated with 1 g of anti-GSK-3␤ or anti-PP2A antibody at 4°C overnight on a rotator. Fifty microliters of a 1:1 suspension of protein A-Sepharose beads (Pierce) was added to the mixture and incubated for 3 h at 4°C with gentle rotation. The beads were collected by centrifugation and washed extensively with cell lysis buffer. Bound proteins were dissociated by boiling the beads in PAGE sample treatment buffer and separated on SDS-polyacrylamide gel.
Measurement of Intracellular Calcium ([Ca 2ϩ ] i ) by Confocal Microscopy-For Ca 2ϩ imaging, SH-SY5Y cells were grown on cover glasses and incubated in a solution containing 5 M Fluo-4AM (Molecular Probes) in a 37°C incubator for 30 min before analysis. Cover glasses containing dye-loaded cells were mounted in a chamber slide, and the cells were visualized directly at an excitation wavelength of 488 nm filtered through an emission long pass filter (LP 515, Carl Zeiss). The confocal inverted microscope (LSM 510, Carl Zeiss) was equipped with a 40ϫ objective lens (Carl Zeiss), a helium/neon laser (543 nm, 633 nm), and a second blue-enhanced argon laser (488 nm). To determine Ca 2ϩ concentrations, the scan speed was set to 1.08 s for a 512 ϫ 512 pixel image, and the pinhole was set to achieve a full-width, half-maximum z resolution of ϳ1 m.
Serine/Threonine Protein Phosphatase Activity Assay-The activity of serine/threonine phosphatase was determined by using a nonradioactive molybdate dye-based phosphatase assay kit (Promega). In brief, cell lysate supernatant was passed twice through a Sephadex G-25 spin column to remove free phosphate. The assays were performed in triplicate in 96-well plates, and the assay mixtures contained 50 mM imidazole, pH 7.2, 0.2 mM EGTA, 0.02% ␤-mercaptoethanol, 0.1 mg/ml bovine serum albumin, 100 M phosphoprotein substrate (amino acid sequence: RRA[pT]VA), and 5-10 g of sample protein. The enzyme reaction was started by adding the sample and allowed to progress for 30 min at 37°C. The reaction was terminated by adding molybdate dye solution, and color was developed by incubating the mixture for 30 min at room temperature. The standard curve was prepared using inorganic phosphate at concentrations ranging from 10 to 200 M. Absorbance at 630 nm was measured, and the amount of phosphate released was then calculated using the standard curve.
Data Analysis-At least three independent experiments were conducted for all the analysis. The nonparametric Mann-Whitney U test was used to analyze mean values, and a p value of Ͻ 0.05 was considered statistically significant (7).
RESULTS

KCl-induced Depolarization Induced the Undulating Phosphorylation of GSK-3␤ at Ser-9 in Neuroblastoma Cells and Rat
Hippocampal Cells-We examined first whether KCl-induced depolarization could regulate GSK-3␤ phosphorylation in SH-SY5Y cells. The depolarization of SH-SY5Y cells caused by treating them with 100 mM KCl for 5 min resulted in the undulating phosphorylation of GSK-3␤ at Ser-9. Untreated control cells showed strong basal phosphorylation at Ser-9, which was drastically decreased at 0 min (i.e. after 5 min of depolarization). Ser-9 phosphorylation increased to reach a peak 1.5-fold that of the control at 13 min after the termination of depolarization (post-depolarization (PD)), which was followed by a dephosphorylation at 15 min PD. However, another phosphorylation/dephosphorylation cycle was observed between 15 and 30 min PD with maximal phosphorylation at 21 min PD (Fig. 1, A and B) . The phosphorylation of GSK-3␤ at Ser-9 at 15 min was significantly less than that at 13 and 18 min PD, respectively (p Ͻ 0.05, Mann-Whitney U test). In contrast, the phosphorylation of Tyr-216 and the total amount of GSK-3␤ did not show any significant change post-depolarization. This result indicates that KCl-induced depolarization can induce the undulating phosphorylation of GSK-3␤ at Ser-9, suggesting that membrane depolarization might regulate the activity of GSK-3␤. Two bands of GSK-3␤ were observed in the Western blots of SH-SY5Y cells, which corresponded to the alternative spliced forms of the enzyme (8) .
To examine whether the undulating regulation of GSK-3␤ phosphorylation by membrane depolarization is specific to neu-rons, the effect of KCl-induced depolarization on the phosphorylation of GSK-3␤ at Ser-9 was also analyzed in H19 -7/IGF-IR rat embryonic hippocampal cells, PC12 rat pheochromocytoma cells, and in A172 human glioblastoma cells. Depolarization by KCl resulted in the undulating phosphorylation of GSK-3␤ at Ser-9 in H19 -7/IGF-IR cells and in PC12 cells, without changing GSK-3␤ expression, and the time course of this undulating phosphorylation was similar to that observed in SH-SY5Y cells (Fig. 1C) . In contrast, the same depolarization did not change the phosphorylation status of GSK-3␤ at Ser-9 in A172 glioblastoma cells. This result suggests that KCl-induced depolarization can result in the undulating phosphorylation of GSK3␤ at Ser-9 only in excitable neuronal cells.
To examine whether the undulating phosphorylation of GSK3␤ at Ser-9 can elicit corresponding cellular responses, temporal changes in ␤-catenin content after depolarization were compared with Ser-9 phosphorylation. This was done because ␤-catenin is a transcription cofactor of T cell factor/ lymphoid enhancer factor in the Wnt pathway and is degraded via GSK-3␤-mediated phosphorylation and proteasomal degradation (9) . ␤-Catenin contents were found to show an undulating temporal pattern similar to that of Ser-9 phosphorylation of GSK-3␤. More specifically, ␤-catenin levels decreased at 0, 13, and 30 min PD when Ser-9 phosphorylation also decreased except at 13 min, and increased at 5 and 18 min PD when Ser-9 phosphorylation increased (Fig. 1D ). These parallel changes in ␤-catenin content and Ser-9 phosphorylation suggest that the undulating phosphorylation of GSK-3␤ and the resulting undulating activation of GSK-3␤ might have caused the observed undulating change in ␤-catenin content via phosphorylationmediated degradation.
PI3K and Akt Mediated Most of the Phosphorylation of GSK-3␤ at Ser-9 after KCl-induced Depolarization in SH-SY5Y
Cells-To identify the protein kinase responsible for the phosphorylation at Ser-9 following KCl-induced depolarization, the effects of specific inhibitors of several protein kinases on Ser-9 phosphorylation were determined at 5 min PD in SH-SY5Y neuroblastoma cells. Wortmannin and LY20924, PI3K inhibitors, blocked most of the Ser-9 phosphorylation, and calphostin C, an inhibitor of protein kinase C, also partly inhibited phosphorylation of GSK-3␤ at Ser-9 (p Ͻ 0.05, Mann-Whitney U test) ( Fig. 2A) . However, the inhibitors of other protein kinases, namely protein kinase A (H89), extracellular signal-regulated kinase (PD98059), Ca 2ϩ /calmodulin-dependent protein kinase II (KN62), and S6 kinase (rapamycin) had no significant inhibitory effect on Ser-9 phosphorylation at 5 min PD. This result suggests that the depolarization-induced phosphorylation of GSK-3␤ might be mediated mainly by PI3K and protein kinase C.
Because PI3K seemed to be the major kinase responsible for the Ser-9 phosphorylation of GSK-3␤ following KCl-induced tion in SH-SY5Y cells. SH-SY5Y human neuroblastoma cells were treated with 100 mM KCl (KCl Tx) in DMEM for 5 min and then immediately placed in fresh medium. Cells were harvested at the indicated times and homogenized. The homogenate (50 g) was separated by 12% SDS-PAGE, and proteins were transferred to nitrocellulose paper. Blots were incubated with antibodies directed against phosphorylated GSK-3␤ (Ser-9 or Tyr-216), GSK-3␤ or ␤-catenin, and then with a peroxidase-labeled goat anti-rabbit or anti-mouse IgG antibody, respectively. Proteins were visualized by incubating blots with an enhanced chemiluminescence substrate mixture and exposing to x-ray film. The densities of phosphorylated protein bands were measured using a densitometer, and phosphorylated GSK-3␤ (A and C) and ␤-catenin (D) expressions were expressed as ratios relative to their corresponding band densities in KCl-untreated control cells (K(Ϫ)). The blots shown are representative of at least 3-5 independent experiments, and the histograms represent average and S.E. Asterisks indicate significantly different (p Ͻ 0.05, Mann-Whitney U test).
FIG. 1.
Undulating phosphorylation of GSK-3␤ at Ser-9 following KCl-induced depolarization in neuroblastoma cells and rat hippocampal cells. A and B, temporal pattern of GSK-3␤ phosphorylation following KCl-induced depolarization in SH-SY5Y cells. C, temporal pattern of GSK-3␤ phosphorylation at Ser-9 following KCl-induced depolarization in H19-7 rat hippocampal cells, PC12 rat pheochromocytoma cells, and A172 human glioblastoma cells. D, temporal changes in ␤-catenin content following KCl-induced depolariza-membrane depolarization, the temporal pattern of Ser-9 phosphorylation was analyzed after pretreating with wortmannin, to confirm the role of PI3K. The presence of 100 nM wortmannin abolished the basal level of Ser-9 phosphorylation in undepolarized cells, and it also abolished most of the Ser-9 phosphorylation induced by depolarization (Fig. 2B) . Furthermore, treatment with another PI3K inhibitor, LY20924, also produced a similar inhibition of Ser-9 phosphorylation (data not shown). This result indicates that PI3K mediates most of the Ser-9 phosphorylation observed after KCl-induced depolarization in SH-SY5Y cells.
Because PI3K was identified as the major mediator of Ser-9, we investigated the temporal pattern of Akt activation; Akt is known to be activated by phosphorylation at Thr-308 and Ser-473, a process stimulated by phosphatidylinositol 3-phosphates (products of PI3K reactions), and after phosphorylation it phosphorylates GSK-3␤. KCl-induced depolarization led to an undulating phosphorylation of Akt at Ser-473 in SH-SY5Y cells; moreover, the temporal pattern of this phosphorylation was similar to that of the phosphorylation of GSK-3␤ at Ser-9. This phosphorylation of Akt sharply reduced at 0 min PD, then increased to peak at 11 min PD, and then slightly decreased at 15 min PD. Another phosphorylation/dephosphorylation cycle was observed between 15 and 30 min PD with a phosphorylation peak at 21 min PD (Fig. 2C) . The phosphorylation of phosphorylation of Akt at 15 min was significantly decreased from that at 13 and 18 min treatment (p Ͻ 0.05, Mann-Whitney U test). Moreover, the total amount of Akt was not changed significantly (Fig. 2C) . Similar undulating phosphorylations of Akt were observed in H19 -7/IGF-IR rat embryonic hippocampal cells and in PC-12 cells, but notably not in the A172 glioblastoma cells (data not shown).
To confirm the role of Akt in Ser-9 phosphorylation, a dominant negative mutant of Akt was overexpressed in SH-SY5Y cells, and its effect on Ser-9 phosphorylation was analyzed at 13 min PD, which showed previously a Ser-9 phosphorylation peak. The overexpression of dominant negative Akt reduced the phosphorylations of Akt at Ser-473 and of GSK-3␤ at Ser-9 almost to the undepolarized control level (p Ͻ 0.05, MannWhitney U test) (Fig. 2D) . Moreover, mock treatment (data not shown) or the expression of vector alone did not change these phosphorylations of GSK-3␤. In addition, treatment with wortmannin attenuated the phosphorylations of both Akt and GSK-3␤ induced by KCl (Fig. 2B ). This result indicates that PI3K and Akt represent a major signaling pathway that phosphorylates GSK-3␤ at Ser-9 following the KCl-induced depolarization of SH-SY5Y cells. tigated the signaling molecules involved in the activation of PI3K that induce the phosphorylation of GSK-3␤ following KCl-induced depolarization. Many growth factors are known to be involved in the activation of PI3K, and membrane depolarization was reported to trigger the tyrosine phosphorylation of EGFR (10) . Thus, we examined the effect of inhibiting EGFR signaling using AG1478, a selective inhibitor of EGFR kinase, on the Ser-9 phosphorylation of GSK-3␤ following KCl-induced depolarization. The inhibition of EGFR phosphorylation partially blocked the phosphorylations of Akt and GSK-3␤ in a dose-dependent manner at 13 min PD (Fig. 3A) . Pretreatment with AG1478 at 20 M reduced the phosphorylations of Akt and GSK-3␤ following KCl-induced depolarization, although the inhibitory effect of AG1478 was not as complete as that of wortmannin (Fig. 3B) . Furthermore, KCl-induced depolarization resulted in a temporal pattern of EGFR phosphorylation that was similar to the temporal phosphorylation patterns of Akt1 and GSK-3␤ (Fig. 3C) . The cells treated without KCl showed slight increase in EGFR phosphorylation during the same period without similar undulation. This result suggests that the phosphorylation of EGFR is involved in the phosphorylations of Akt and GSK-3␤ following KCl-induced depolarization.
Calcium-dependent Activation of EGFR Was Found to Be Involved in the Phosphorylation of GSK-3␤ at Ser-9 following KCl-induced Depolarization in SH-
To examine whether calcium influx induced by depolarization can cause the phosphorylation of EGFR following KClinduced depolarization, we studied the effect of nifedipine (a voltage-dependent calcium channel blocker). Nifedipine almost completely inhibited the EGFR phosphorylation induced by depolarization (Fig. 3C) , which confirmed that EGFR activation is dependent on calcium influx through calcium channels, and which suggests that the calcium-dependent activation of EGFR might mediate in part the activation of PI3K and the phosphorylations of Akt and GSK-3␤ following depolarization.
Inhibitors of Protein Phosphatases Inhibited the Dephosphorylation of GSK-3␤ following KCl-induced Depolarization in SH-SY5Y Cells-The undulating phosphorylation of GSK-3␤
induced by depolarization seemed to require the action of protein phosphatases as well as protein kinases. Thus, in order to determine whether protein phosphatases are involved in the undulating phosphorylation of GSK-3␤, the effects of inhibitors specific for protein phosphatases on the dephosphorylation of GSK-3␤ were followed. Pretreatment with okadaic acid (an inhibitor of protein phosphatase 1 and 2A) blocked the dephosphorylation of GSK-3␤ at Ser-9 at 0, 15, and 30 min PD (Fig.  4A) . Pretreatment with cyclosporin A, a PP2B inhibitor, also blocked the dephosphorylation of GSK-3␤ at Ser-9 at 0, 15, and 30 min PD (Fig. 4B) . Another PP2B inhibitor, FK-506, also exhibited similar inhibitory effects on the dephosphorylation of GSK-3␤ (data not shown). However, pretreatment with okadaic acid, cyclosporin A, or FK-506 only partially blocked the dephosphorylation of Akt at 0, 15, and 30 min PD (Fig. 4, A and  B) . These results suggest that PP2A and PP2B are involved in the dephosphorylation of GSK-3␤ at Ser-9 and that the dephosphorylation of Akt by PP2A and PP2B might be involved in the dephosphorylation of GSK-3␤ following depolarization.
To support the role of protein phosphatases in the dephosphorylation of GSK-3␤, phosphatase activity was analyzed at 0 and 13 min PD in SH-SY5Y cells. The temporal activities of PP2A and PP2B were very similar; both activities were high at 0 min PD and low at 13 min PD, and treatment with nifedipine inhibited the increase in PP2B activity observed at 0 min PD (p Ͻ 0.05, Mann-Whitney U test) (Fig. 4C) . Moreover, the activities of these protein phosphatases were inversely related to the phosphorylation status of GSK-3␤ at Ser-9, i.e. high phosphatase activity and low Ser-9 phosphorylation at 0 min PD, and low phosphatase activity and high Ser-9 phosphorylation at 13 min PD. This result suggests that KCl-induced depolarization induces the activations
FIG. 3. Involvement of the calcium-dependent activation of EGFR in the phosphorylation of GSK-3␤ following KCl-induced depolarization.
A, effects of the EGFR inhibitor, AG1478, on the phosphorylations of Akt and GSK-3␤ following KCl-induced depolarization. SH-SY5Y cells were pretreated with the indicated concentrations of AG1478 for 30 min before depolarization, and the phosphorylations of GSK-3␤ and Akt were analyzed 13 min after depolarization. The histograms represent mean Ϯ S.E., and the data are expressed as percentages of corresponding densities of control cells that were not treated with KCl. B, effect of AG1478 on the temporal patterns of GSK-3␤ and Akt phosphorylation. SH-SY5Y cells were pretreated with 20 M AG1478 for 30 min before depolarization until harvest at the indicated times after depolarization. C, effect of nifedipine (NI), a calcium Lchannel blocker, on EGFR phosphorylation following KCl-induced depolarization. SH-SY5Y cells were treated with 1 M nifedipine for 1 h before depolarization until cells were harvested. Untreated cells (K(Ϫ)) and cells pretreated with AG1478 or nifedipine but not depolarized were used as controls. The blots shown are representative of at least three independent experiments. of PP2A and PP2B and that these protein phosphatases are involved in the dephosphorylation of GSK-3␤ at Ser-9 following membrane depolarization.
PP2B Activated by Calcium Influx through Voltage-gated Calcium Channels Mediated the Dephosphorylation of GSK-3␤
at Ser-9 following KCl Depolarization in SH-SY5Y Cells-PP2B was identified to play a role in the dephosphorylation of GSK-3␤ at Ser-9 following KCl-induced depolarization; moreover, it is known that PP2B is activated by Ca 2ϩ /calmodulin (11, 12) . To study the mechanism of PP2B activation following depolarization, changes in cytosolic free calcium concentrations ([Ca 2ϩ ] i ) were assessed by confocal microscopy using Fluo-4AM dye after KCl-induced depolarization. [Ca 2ϩ ] i increased gradually to peak at 0 min PD, reduced to a basal level at 5 min PD, and then re-peaked at 15 min PD (Fig. 5, A and B) . The cells treated without KCl showed a slight but continuous decrease in [Ca 2ϩ ] i with a transient drop at 3 min PD that might be caused by media replacement. Moreover, this pattern shown by [Ca 2ϩ ] i agreed well with PP2B activity and with the dephosphorylation status of GSK-3␤ at Ser-9 following KCl-induced depolarization, and thus supported the role of PP2B in the dephosphorylation of GSK-3␤ at Ser-9. This result suggests that a undulating change in [Ca 2ϩ ] i caused the observed undulating activation of PP2B, which then dephosphorylated GSK-3␤ following membrane depolarization.
To confirm the source of elevated [Ca 2ϩ ] i following depolarization, we analyzed the effect of calcium-free media, EDTA, and nifedipine on the phosphorylation of GSK-3␤. When SH-SY5Y cells were pretreated with calcium-free media, the dephosphorylation of GSK-3␤ at Ser-9 at 0, 15, and 30 min PD was inhibited (Fig. 5C ). The pretreatment of these cells with EDTA-containing medium also inhibited the dephosphorylation of GSK-3␤ at Ser-9 (data not shown). Moreover, treatment with nifedipine also exhibited a similar inhibitory effect GSK-3␤ (Fig. 5C ). These results indicate that free calcium ion influx through voltage-gated calcium channels activates PP2B, which in turn is involved in the dephosphorylation of GSK-3␤ following KCl-induced depolarization.
Membrane Depolarization Induced a Change in Complex Formation between GSK-3␤ and PP2A in Parallel with the Dephosphorylation Status of GSK-3␤ in SH-SY5Y Cells-
GSK-3␤ is known to form a complex with PP2A together with axin, APC, and ␤-catenin. Moreover, this complex sequesters GSK-3␤ to act on the components of the complex and plays a central role in the Wnt signaling pathway (13) . Because membrane depolarization was found to regulate the activity of PP2A, we examined whether membrane depolarization can also regulate the formation of the complex between GSK-3␤ and PP2A. When GSK-3␤ was immunoprecipitated with a specific antibody, PP2A was found to be co-precipitated. Similarly, GSK-3␤ was co-precipitated with PP2A by antibody against PP2A (Fig. 6A) , confirming that GSK-3␤ forms a stable complex with PP2A in vivo. Moreover, more PP2A was co-precipitated with GSK-3␤ in undepolarized SH-SY5Y cells and at 0 min PD, and less at 13 min PD (p Ͻ 0.05, Mann-Whitney U test). Similarly, more GSK-3␤ was co-precipitated with PP2A in undepolarized cells and at 0 min PD, and less at 13 min PD (p Ͻ 0.05, Mann-Whitney U test). This result indicates that membrane depolarization may regulate complex formation between GSK-3␤ and PP2A in concert with the dephosphorylation of GSK-3␤.
DISCUSSION
The question addressed by this study was whether membrane depolarization can regulate the phosphorylation of GSK-3␤, and if so what molecular mechanisms are involved in this regulation. The main finding of this study is that that KClinduced depolarization causes undulating GSK-3␤ phosphorylation/dephosphorylation, which is regulated for the most part by PI3K and Akt (phosphorylation) and PP2A and PP2B (dephosphorylation), respectively, in SH-SY5Y human neuroblastoma cells.
This study also shows that KCl-induced depolarization causes the undulating phosphorylation of GSK-3␤ at Ser-9 in neuron-derived cells and that it causes a similar undulating change in ␤-catenin concentration. KCl-induced depolarization resulted in two phosphorylation/dephosphorylation cycles with phosphorylation peaks at 13 and 21 min after depolarization for 5 min in SH-SY5Y human neuroblastoma cells. In general, membrane depolarization precedes synaptic transmission and axonal conduction, and this constitutes a primary element of rapid signaling in the nervous system. Such signals are trans- FIG. 4 . Involvement of PP2A and PP2B in the dephosphorylation of GSK-3␤ following KCl-induced depolarization. A, effects of okadaic acid on the KCl-induced dephosphorylations of Akt and GSK-3␤. B, effects of cyclosporin A on KCl-induced Akt and GSK-3␤ dephosphorylation. C, changes in the activities of PP2A and PP2B following KCl-induced depolarization. SH-SY5Y cells were pretreated with 30 nM okadaic acid (OA) or 100 M cyclosporin A (CSA) for 1 h before depolarization by treatment with 100 mM KCl for 5 min (KCl Tx) until harvest at the indicated times. Untreated cells (K(Ϫ)) and cells pretreated with okadaic acid or cyclosporin A, but not depolarized, were used as controls. The blots are representative of at least three independent experiments. PP2A and PP2B activities were determined using a serine/threonine phosphatase activity assay kit (Promega), and activities are expressed as pmol/min mg of protein. The histogram shows the average and S.E. of three independent assays performed in duplicate, and asterisks indicate significantly different activities (p Ͻ 0.05, MannWhitney U test). mitted via ionic fluxes, which in addition to their short term consequences have long term expressional consequences that span hours or days. Numerous signaling molecules have been found to regulate the expressions of genes following membrane depolarization (5) . Previous reports that KCl-induced depolarization activates PI3K and Akt, which can act upstream of GSK-3␤ (14, 15) , imply that GSK-3␤ might be phosphorylated as a result of depolarization. The present study demonstrates that membrane depolarization can regulate the phosphorylation of GSK-3␤ at Ser-9 in an undulating manner and suggests that GSK-3␤ might mediate signals generated by membrane depolarization to regulate various cellular responses. However, the difference between the undulating activation and the continuous activation of GSK-3␤ with respect to the regulation of cellular responses is not known, although it is speculated that such undulating GSK-3␤ activation can elicit unique responses like calcium oscillation (16, 17) . Furthermore, the undulating nature of GSK-3␤ phosphorylation following depolarization implies that GSK-3␤ activity varies depending on the time of analysis in experimental systems, and thus the timing of analysis needs to be approached cautiously when examining GSK-3␤ activities following membrane depolarization.
In the present study, membrane depolarization was found to induce an undulating change in GSK-3␤ phosphorylation in neuron-derived cells, suggesting that undulating phosphorylation might be involved in neuron-specific functions. This is supported by our finding that such undulating phosphorylation of GSK-3␤ was observed in neuron-derived cells, e.g. neuroblastoma cells and hippocampal cells, but not in glioblastoma cells.
In agreement with this finding, a similar undulating phosphorylation of GSK-3␤ was observed in rat brain following electroconvulsive shock treatment, where an immediate sharp decrease in the phosphorylation of GSK3␤ at Ser-9 was observed at 0 min post-shock treatment, which was followed by increased phosphorylation that peaked about 10 min after treatment (18) . Thus, our data suggest that this undulating phosphorylation of GSK-3␤ observed in rat brain might occur in neurons and be the direct result of membrane depolarization caused by the electric shock treatment.
Undulating phosphorylation of GSK-3␤ following membrane depolarization induces a undulating change in ␤-catenin concentration, suggesting that the undulating change in GSK-3␤ phosphorylation results in the undulating regulation of cellular responses including ␤-catenin-dependent gene expression. Because phosphorylation of GSK-3␤ at on Ser-9 results in the inhibition of its enzyme activity, the undulating phosphorylation of GSK-3␤ results in an undulating inactivation/activation of the enzyme. Activated GSK-3␤ phosphorylates target proteins like ␤-catenin, which is a transcription factor that regulates the expressions of several genes by binding to T cell factor/lymphoid enhancer factor (19, 20) , and GSK-3␤ is considered a primary kinase that is responsible for phosphorylation and down-regulation of ␤-catenin levels (21, 22) . The present study shows that the concentration of ␤-catenin changes in parallel with the undulating phosphorylation of GSK-3␤, indicating that the undulating phosphorylation of GSK-3␤ results in corresponding undulating ␤-catenin level changes. However, ␤-catenin concentration was low at 13 min PD even though ] i levels were monitored continuously by measuring fluorescence under a confocal microscope (A) (blue, low; yellow, high; red, highest), and [Ca 2ϩ ] i levels were determined using the confocal microscope software (B). Mock Tx, cells treated with KCl. C, effects of calcium-free media and nifedipine on the dephosphorylation of GSK-3␤ following KCl-induced depolarization. SH-SY5Y cells were pretreated with calcium-free DMEM for 1 h or withGSK-3␤ was still highly phosphorylated, which is assumed to result from the degradation of ␤-catenin phosphorylated by kinases other than GSK-3␤. The changes in ␤-catenin concentration are presumed to cause corresponding changes in the expression of ␤-catenin-dependent genes. Therefore, the undulating phosphorylation of GSK-3␤ could regulate various cellular responses via the undulating phosphorylation of ␤-catenin (2, 3). Furthermore, the undulating regulation of ␤-catenin by GSK-3␤ implies that the undulating activation of GSK-3␤ might phosphorylate other target proteins in the same way and thus elicit a multiplicity of cellular responses.
We found that KCl-induced depolarization results in the phosphorylation of GSK-3␤ via EGFR, PI3K, and Akt in SH-SY5Y cells. The involvement of PI3K in the major GSK-3␤ phosphorylation pathway following depolarization is supported by the finding that treatment with wortmannin or LY20924 almost completely inhibited the phosphorylations of Akt and GSK-3␤ induced by depolarization and by previous reports that depolarization activated PI3K, which protects against apoptosis (15, 23), although PI3K activation by depolarization was also found to depend on the neuronal context (24) . The mediation of GSK-3␤ phosphorylation by Akt following depolarization is supported by our results that Akt phosphorylation changes in parallel with GSK-3␤ phosphorylation and that the expression of dominant negative Akt blocks GSK-3␤ phosphorylation following depolarization. Furthermore, Akt that is known to phosphorylate GSK-3␤ was found to be activated by depolarization, suggesting that this might provide a general mechanism coordinating the effects of growth factors and neural activity on neural survival (15) . The partial inhibition of the phosphorylations of Akt and GSK-3␤ following membrane depolarization by EGFR kinase inhibitor in the present study, together with a report that membrane depolarization triggers the tyrosine phosphorylation of EGFR (10) , indicates that the activation of EGFR is involved in the phosphorylation of GSK-3␤ following depolarization. However, our observation of a partial inhibition suggests that there may exist other signaling pathways that activate PI3K following membrane depolarization. Furthermore, treatment with the calcium channel blocker, nifedipine, almost completely blocked the activation of EGFR, suggesting that calcium influx through a calcium channel following membrane depolarization induces the EGFR activation. On the other hand, although protein kinase C mediated GSK-3␤ phosphorylation following membrane depolarization, the inhibitory effect of a protein kinase C inhibitor on GSK-3␤ phosphorylation was not as strong as that of a PI3K inhibitor, suggesting that PI3K is the major mediator of GSK-3␤ phosphorylation following membrane depolarization. This result shows that membrane depolarization phosphorylates GSK-3␤ mainly via the PI3K-Akt pathway, which can be activated by growth factors to integrate signals that regulate cellular responses like survival.
The protein phosphatases, PP2A and PP2B, in addition to kinases such as PI3K and Akt, were found to be involved in the undulating phosphorylation/dephosphorylation of GSK-3␤ following KCl-induced depolarization in SH-SY5Y cells. The involvement of PP2B in the dephosphorylation of GSK-3␤ following depolarization is supported by the finding that the inhibition of PP2B with specific inhibitors (cyclosporin A and FK506) blocked the dephosphorylation of GSK-3␤ following membrane depolarization. It is also supported by the finding that membrane depolarization induced undulating changes in PP2B activity and [Ca 2ϩ ] i , which occurred in parallel with the undulating dephosphorylation of GSK-3␤. In addition, treatment of cells with calcium-free medium or a calcium channel blocker also blocked dephosphorylation. These results suggest that PP2B can directly dephosphorylate GSK-3␤, which requires validation with purified enzymes. PP2B is a member of the serine/threonine protein phosphatase family and is activated in response to Ca 2ϩ signals through the direct binding of Ca 2ϩ and calmodulin. PP2B is involved in the regulation of important biological processes such as T cell activation, muscle function, memory development, and apoptosis (12, 25) . Moreover, PP2B was reported to dephosphorylate the NF-AT transcription factor and to activate its nuclear import, thus enabling the sustained activation of Ca 2ϩ -dependent gene FIG. 6 . Changes in GSK-3␤-PP2A complex formation following KCl-induced depolarization. A, co-precipitation of PP2A with GSK-3␤ following KCl-induced depolarization. B, changes in complex formation between GSK-3␤ and PP2A following KCl-induced depolarization. SH-SY5Y cells were depolarized with 100 mM KCl for 5 min, and the cells were then harvested and lysed at 0 and 13 min after depolarization. Cell lysates were incubated with antibodies against GSK-3␤ or PP2A and then with protein A-Sepharose to precipitate proteins. The precipitated proteins were immunoblotted (IB) with antibodies against GSK-3␤ or PP2A; the blots shown are representative of at least three independent experiments. The densities of protein bands were determined by densitometry and are expressed as ratios versus the band densities of KCl-untreated control cells (K(Ϫ)). Asterisks indicate significant difference (p Ͻ 0.05, Mann-Whitney U test). IP, immunoprecipitation.
expression, whereas GSK-3␤ reverses the calcium effect by phosphorylating and promoting the nuclear export of NF-AT (26 -28) . However, GSK-3␤ dephosphorylation by PP2B has been implicated indirectly by the findings that apoE4, an apolipoprotein E isoform, induces GSK-3␤ dephosphorylation in a manner partially dependent on extracellular Ca 2ϩ in SH-SY5Y cells (29) , and that staurosporine elevates [Ca 2ϩ ] i and dephosphorylates GSK-3␤ during the formation of extended lamellipodia in human keratinocytes (30) . Therefore, our data suggest that PP2B might dephosphorylate and thus activate GSK-3␤, a process that has been reported to abrogate the effect of PP2B in specific environments, e.g. in the regulation of NF-AT translocation. Different relationships between GSK-3␤ and PP2B are speculated to be the results of different initiation signals and cell types.
PP2A was also found to be involved in the undulating phosphorylation of GSK-3␤ induced by KCl depolarization in SH-SY5Y neuroblastoma cells. The activity of PP2A also changed in concert with GSK-3␤ dephosphorylation, and treatment with a PP2A inhibitor blocked the depolarization-induced dephosphorylation of GSK-3␤. PP2A has been reported to directly dephosphorylate Ser-9-phosphorylated GSK-3␤ purified from rabbit skeletal muscle, thus reactivating GSK-3␤ (4, 31) . Therefore, PP2A is believed to be involved in the activation of GSK-3␤ following depolarization in SH-SY5Y cells. PP2A is composed of a family of protein serine/threonine phosphatases and accounts for the major portion of serine/threonine phosphatase activity in most tissues and cells. Moreover, PP2A can interact with a substantial number of proteins and contribute to the regulation of numerous signaling pathways that regulate the cell cycle, apoptosis, and carcinogenesis (32, 33) . Thus, PP2A is believed to mediate various cellular responses evoked by membrane depolarization. We also found that PP2A and PP2B partly dephosphorylate Akt following KCl-induced membrane depolarization, as evidenced by the finding that treatment with a protein phosphatase inhibitor (okadaic acid or cyclosporin A) partially blocks Akt dephosphorylation. Thus, we suggested that GSK-3␤ dephosphorylation by PP2A and PP2B results from both the direct dephosphorylation of GSK-3␤ and its reduced phosphorylation by Akt due to its inactivation by protein phosphatases. The involvement of PP2A and PP2B in the dephosphorylation of GSK-3␤ indicates that protein phosphatases and protein kinases play an important role in the regulation of GSK-3␤ activity.
PP2A was found to form a stable complex with GSK-3␤, and KCl-induced membrane depolarization alters this complex formation in SH-SY5Y cells. PP2A was co-precipitated with GSK-3␤ by antibody against GSK-3␤, and GSK-3␤ was coprecipitated with PP2A by antibody against PP2A. Moreover, the amounts of enzymes in complexes changed in parallel with the phosphorylation status of GSK-3␤, suggesting GSK-3␤ activity-dependent complex formation. In fact the amount of PP2A in the complex increased when GSK-3␤ was dephosphorylated. PP2A holoenzymes are known to regulate Wnt signaling through their association with a multiprotein complex containing axin, APC, ␤-catenin, and GSK-3␤ (34). Moreover, the PP2A-GSK-3␤ complex was suggested to be an efficient negative regulator of APC and axin phosphorylation by GSK-3␤ (35) . The present study also shows that membrane depolarization changes complex formation between GSK-3␤ and PP2A in concert with GSK-3␤ dephosphorylation. Therefore, we speculate that the regulation of complex formation between GSK-3␤ and PP2A might be involved in regulation of cellular responses to membrane depolarization.
In summary, this study shows that KCl-induced depolarization causes undulating GSK-3␤ phosphorylation/dephosphorylation, which is primarily regulated by PI3K and Akt (phosphorylation) and PP2A and PP2B (dephosphorylation) in SH-SY5Y human neuroblastoma cells. It also shows that membrane depolarization changes the amounts of enzymes in the GSK-3␤-PP2A complex. This finding suggests that this undulating change in GSK-3␤ activity mediates cellular responses to membrane depolarization.
